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happening at an atomic level 
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hemistry is a fascinating subject. 
& BUNT Ve WopretBold ete aveme (ita areb bet 

everything from the food we eat and the 
clothes we wear, to our genetic makeup and 
how we feel. The beautiful simplicity of the 
periodic table describes just 118 elements that 
lenM aye ene) rbter le PIAVoemctac)tiels 
those that can only exist ina laboratory. These 
Srila ep cc M LORRI Ta Cae AUC Nee ep eribbersd 
hundreds of millions of compounds - two or 
more elements bonded together - giving us the 
ON es tame eret cet Ucmaetc mrt cCcRtoneleba (od (ols 

Some reactions are physical, not chemical, 

and the way to tell is whether or not there has 
been a change in the chemical formula. 


Ten of Earth's most awe-inspiring chemical 
and physical reactions at an atomic level 





Melting ice is a physical change because water 
Adee Hee rece Sam ME Reb OC ne 
state of matter. Burning coal, on the other 
hand, is achemical change, as coal and oxygen 
combine to make carbon monoxide -a 
chemically unique material. A chemical 
reaction drives the change of one substance 
into another and the reactions are generally 
identified by colour changes or a release of 
ley eoicsee bem dssboerkearc-lemtrtnle-lalee 
sound: the ingredients of an explosion. 

Itis impossible to cover the astonishing 
range of chemical reactions that happen in our 
universe in one article, so we've picked ten 
standout ones which have dramatic results. # 
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1, CORROSIVE 


af yaye 
HEAD 


CORROSION 


(rust) 
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Reaction types 


Distinguishing between physical and chemical reactions is one thing, 
yet chemists have identified five common ways that chemical changes 
can be broken down further. These are: synthesis, decomposition, single 
replacement, double replacement and oxidation/reduction (redox). 






STi} Decomposition 
Puc eke ey Decomposition is the 
una eRe m ec Retief breaking down of two or 


more complex molecules 
into simpler ones. Passing an 
Setter arcuate La) 
water (H,0), results in the 
‘decomposition’ of the water 
Taal) eCole] Ma OM ea sr=l(ed 

lements: hydrogen (H,) gas 
ELT Rey eye) OM is os 


emetic 











Iron oxide 


2. VERY CORROSIVE 


B Given enough time, iron 
either left in water, or in 
contact with water 
vapour in air, will rust ~ 
forming iron oxide. 


Single replacement 
When one element is bumped 
by another in a compound, 
a single replacement reaction. 
LX To oR Leo) 
acids often fall into this group. 
Magnesium (Mg) and 
hydrochloric acid (HCI) react to 
form magnesium chloride 
(MgCl,) and hydrogen (H,), 
where Mg replaces H.. 





Battery a 

Due to the corrosive 
nature of sulphuric acid 
- commonly found in car 
batteries rminals 
onthe battery tend to 
corrode after a few years, 


Double replacement 

In some cases, compounds ‘swap’ 
their components - this is called 
EM lolt ol colt feu acd 
For example, hydrochloric acid 
(HCI) and sodium hydroxide 
(NaOH) react together, producing 
Sole Ren ode RO ODE Rig 
(GRO aula oa 
hydrogen and sodium atoms 
EN ICU ste Nesom 


eA tea 


- 9 Hydrofluoric 

% acid 

W) Hydrofluoric acid isa 
relatively weak acid, yet it 
corrodes most metals and 
can even dissolve glass, so 






Some reactions can exhibit characteristics of more than one of these 
labels —as all chemical reactions are caused by the sharing, gaining or 
losing of electrons. However it’s helpful to categorise reactions by the 
oltabaa i MSPORUey ema ela elitAy on 


Redox 

Op ter tela M celta toa Cy 
redox reactions) describe a 
chemical change where 
electrons are transferred. You 
can’t have oxidation (loss of 
erro Mileage (eed (on) 
ACT a rol eel nT 
eT Rhee Rae -CoCend 
COTTE Tie MOMMA Celtel 
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Core process: Single replacement 
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Thermite is a very cool - well, hot - reaction 
that consists of metal powder and a metal 
oxide (most often aluminium and iron 
oxide); the latter more commonly known as 
Cave MCM-D led Ud Cd 
reactions are not so much explosive; rather 
fom carci] °)] Lava keM nT -t-1 TeV Leto Ce} 
incredibly high temperatures where they 
excel. You.don’t think of metals as burning 
very easily, but in the right conditions - and 
very high ignition temperatures - they can 

Thermite reactions.are used for welding 
train tracks together and temperatures as 
high as 2)500 degrees.Celsius (4,532 
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Ingredients: Aluminium (Al); iron oxide (Fe,0.) 


degrees Fahrenheit).can be reached. Due to 
the blazing heat, products of thermite 
reactions are liquid, making them perfect 
for welding. As thermite reactions have 
their own supply of oxygen from the metal 
Coy tel Mun Ae LR WVole aN UR LK] Mel 
air, such as underwater and in space 
Aluminium and iron oxide are heated, 
often with magnesium ribbon as a fuse, and 
oxygen from the iron oxide breaks its bond 
to combine with the aluminium to form 
aluminium oxide and iron. Special face 
masks with UV protection must be worn 
when welding due to the intense radiation. 
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H 
Copper sulphate crystals 


Deadliness: 
Ingredients: Copper sulphate pentahydrate 


(CuSO,*5H,0); water (H,0) 
Core process: Crystallisation 


*(But take care as copper sulphate can be a mild irritant) 


What it lacks in explosive power, copper sulphate more than 
makes up for in its looks - creating brilliant blue crystals when 
its hydrated form is dissolved in hot water. Copper sulphate is 
a type of salt, and is most commonly encountered as a powder 
- copper sulphate pentahydrate (CuSO,*5H,0). This is a way of 
expressing five water molecules are attached to the copper 
sulphate molecule; it is hydrated. For blue crystals to form, 
copper sulphate pentahydrate is added to hot water up until 
the point where no more can dissolve. This is referred to as a 
saturated solution, and a hotter solution can dissolve more 
copper sulphate than a colder one. When the solution starts to 
cool, some of the copper sulphate can no longer exist ina 
dissolved state, so the molecules gather in an organised 
repeating pattern, forming crystals. This is an example of a 
physical change since the material is altering its structure 
rather than its makeup. Suspending a nylon wire in the solution 
creates a surface for the crystals to latch on to, encouraging 
growth. Eventually the water evaporates, but copper sulphate 
can't so it’s forced into an ever-smaller space. The molecules 
of copper sulphate continue crystallising until no water is left. 
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“The light from a pure nuBreden and 
oxygen reaction is mainly u 
making the flame almost invisible” 


traviolet, 


THE FIRESTARTER 
Burning hydrogen 


Deadliness: & 2 & 


Ingredients: Hydrogen (H,); oxygen (O,) 


Core process: Redox 























In nature In lab At home 








Toxic 





Hydrogen (H,) is the lightest, 
most abundant element in the 
universe, yet it’s also one of 
the most flammable. Hydrogen 
is quick to burn in the presence 
of oxygen (O,) and can be very 
explosive. Used as the primary 
fuel for combustion when 
launching space shuttles, this 
is seriously powerful stuff. 
When hydrogen burns, large 
quantities of heat and light are 
given off. The light emitted 
from a pure hydrogen and 
oxygen reaction is mainly 
ultraviolet, making the flame 
almost invisible - however, in 
reality, there are often other 
materials present, creating a 
visible flame. Water is the 
waste product of hydrogen 
combustion, since oxygen and 


hydrogen are the two 
ingredients in water. 
Combustion of liquid hydrogen 
and oxygen is used to launch 
rockets - hence it is water 
vapour, not smoke, which you 
see coming out of the exhaust 
during the takeoff. 

Scientists are now working 
on using hydrogen combustion 
to power cars and other 
machines. The difficulty is the 
large amount of initial energy 
needed to get the reaction 
going. It requires far more 
energy to get started than, say, 
traditional fossil fuels. 

Hydrogen is rarely found on 
Earth in its pure form, because 
it prefers to join with other 
elements - and of course a 
great deal exists as water. 


/h Fuel tank 
Oxidiser tank 
Pump 
‘| - Igniter/nozzle 


Combustion 
chamber 


4 THE BOMB DECOY 


Magnesium and Teflon 
Deadliness: 2 & &. 


Ingredients: Magnesium (Mg); Teflon ({C,F,]n) 
Core process: Redox 

















In nature Intab BR]Athome [¥] Toxic 





Magnesium (Mg) is a highly reactive element 
which burns at a staggering 3,100 degrees Celsius 
(5,612 degrees Fahrenheit), giving off an intense 
white light. In addition to visible light, magnesium 
emits infrared (IR) when burned, making it perfect 
for use in military countermeasures such as decoy 
flares. Like all things, magnesium needs to be in 
the presence of an oxidiser when it burns - a 
material which takes electrons from the fuel 
allowing the reaction to occur. Flares are made of 
Teflon ([C,F,]n) and magnesium, and it’s the 
fluorine in Teflon that oxidises magnesium. 
Fluorine is a stronger oxidiser than oxygen, as it 
wants to accept electrons more than oxygen, 
allowing for a higher temperature of combustion. 
Heat-seeking missiles lock on to infrared light 
given off by engines in aircraft, but magnesium 
decoy flares throw out far more IR light than 
aeroplane engines, effectively confusing the 
missiles’ heat-seeking guidance systems and 
hopefully deterring the weapon from its target. 

A magnesium fire cannot be extinguished with 
water, since the magnesium reacts with water to 
produce hydrogen gas - which if anything will 
only intensify the fire. Instead, dry sand is 
generally used to stop the reaction. Other uses of 
magnesium have been as an illumination source in 
flash photography and in fireworks. 
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THE SOLIDIFIER 


Sodium acetate supersaturation 
); water (H,0) 


Deadliness: & Ingredients: Sodium acetate (NaC,H,O. 


Core process: Crystallisation 


re 


EG innature Edin lab HM Athome* Ed Toxic *(Heat is given off but not enough to cause burns) 


Sodium acetate (NaC,H,O,) heated in water then cooled 
has the unusual property of crystallising into a solid when 
it is disturbed. It can be poured out of a beaker as a liquid 
and, upon hitting a surface, becomes a solid that is hot to 
touch - hence its other name, hot ice. Sodium acetate is a 
salt which dissolves in water. Heating - to around 100 
degrees Celsius (212 degrees Fahrenheit) - then cooling a 
mixture of the two allows more sodium acetate to dissolve 
to form a supersaturated solution. The solution exists in a 
metastable state, analogous to a ball perched at the top of 
ahill, where the slightest nudge will make it roll down. 

























(rye Te MMM at celts 
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Core process: Single replacement 


iT Ld Bin lab Bat home | rats 


Mixing silver nitrate and copper is 
one of the most famous chemistry 


a school science lesson around the 
globe. The experiment involves 
introducing copper - typically a 
copper wire - to a silver nitrate/ 


water solution and suspending it 
there for a couple of hours. 


copper is changed from its 
Tete] cole m URC ie=ee) Ly 

Etat -Mctl iV -Ta (olan. Ce a Ele RnR -10 
their elemental metallic form (Ag) 


silver deposits continue to grow off 
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Ingredients: Silver nitrate (AgNO,); copper (Cu); water (H,O) 


the copper in a series of fractal-like 
crystals until all reactable copper in 
Codele aT a=Ual PMN LANL) led al MAM UAT LAN A aL =RCe) ULC Co aM Meh dare l Uy cole MM (=r-)Y7 are] 
the end products of silver and 
copper nitrate. 

The reason this replacement 
reaction occurs is that the atoms in 
the copper are oxidised when 
introduced to the silver nitrate 

The combining of both triggers a solution, losing electrons and 
single replacement reaction, where forming copper ions, while the silver 
ORM CURA tc] Cee) (ele lg 1e 
reduced (ie they gain electrons) into 
aqueous ion form (Cu,+ [aq]), while (oleate 
What's really cool is that once the ny 
nitrate solution will be changed into silver crystals have grown they can . 
be removed from the copper, dried 
and deposited onto the wire. These off and then displayed as funky 
Pe kel Micaela 


The trigger can be pouring the solution out of the 
container, or adding a seed crystal, causing the dissolved 
sodium acetate to come out of the solution and return to a 
solid. In our analogy this is like the ball rolling down the hill 
until it reaches flat ground and a lower energy state. 

Along the way, the solid sodium acetate absorbs three 
molecules of water, becoming sodium acetate trihydrate 
(NaC,H,0,*3H,0). These water molecules are not 
chemically bonded to the sodium acetate, representing a 
physical change. The process is exothermic (ie it releases 
LTO eee Met Lem eee eR oe 
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ven oxygen in the air is- 
enough to cause potassium 
to spontaneously combust” 
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Potassium and water 


Deadliness: & 2% & 


Ingredients: Potassium (K); water (HO) 


Core process: Redox 
[In nature 


Put a lump of potassium in a dish of 
water and it will give off a pinkish 
light, get very hot and skim across 
the surface at speed. A favourite 
experiment of many science 
classrooms, potassium is a highly 
reactive metal that reacts violently 
in the presence of oxygen and 
water. It forms potassium hydroxide 
(KOH) and hydrogen gas (H,). 
Potassium atoms have 19 electrons 
- one of which is alone in an outer 
shell. This makes potassium very 
keen to lose an electron so it has a 


THE SCREAMING JELLY BA 


Potassium chlorate and most things 


In lab [Rat home [R]} Toxic 


complete outer shell and is more 
stable. When the reaction begins, 
enough heat is given off to ignite 
the hydrogen gas, which then 
reacts with oxygen to produce 
water. Potassium is so reactive that 
it must be stored in kerosene, so as 
not to come into contact with water 
vapour in the air. Even oxygen in the 
air is enough to cause potassium to 
spontaneously combust! Because 
potassium is so reactive, it’s not 
found in its elemental form, but is 
common as a compound. 





(in this case Jelly Babies) 


DY Soe ae 2 


Ingredients: Potassium chlorate (KCIO,); Jelly Babies (glucose syrup, 


sugar, water, gelatine and flavourings) 
Core process: Redox 


Bin nature 1 lab 30 FN3 home | / Trot 


Watching a Jelly Baby meet its demise 
at the hands of potassium chlorate is a 
spectacular affair. There’s an 
abundance of energy inside Jelly Babies 
stored as sugar, released in intense 
flames and a piercing scream when 
potassium chlorate is added to the mix. 

Potassium chlorate is a powerful 
oxidiser, taking its form as a white 
powder and commonly used in 
fireworks and explosives. The ‘ate’ part 
of chlorate describes the oxygen atoms 
attached to the chlorine atom, and the 
Ce Taller Col guaTeMH el Ola (ole- cay 
based oxides are more efficient 


oxidisers than those in gunpowder and 
potassium chlorate needs to be handled 
very carefully due to its unpredictable 
ability to spontaneously ignite. 

MU arewet-(e1 le )a Mare) *)e1-1 RW nr 
amount of potassium chlorate is placed 
Roa lee eRe 
becomes a clear liquid. Needless to say, 
safety screens and goggles are a must. 
The Jelly Baby is placed with tongs into 
the tube and instantly produces lively 
flames, intense screaming and plenty 
of smoke. The reaction can last up to 
20 seconds and gives off noxious 
fumes so ventilation is also needed. 


Ferrofluid 


This experiment combines physics and 
chemistry to produce an awesome 
effect. Ferromagnetic fluid is a liquid 
that undergoes a radical change when 
introduced to a magnetic field, turning 
from a puddle into a spiked dome. The 
fluid does this due to its composition, 
which is a mix of nanoscale 
ferromagnetic particles (like iron) and a 
Corl ae (Um ile A Mal -M y= [ated le -Mever-1 e-10| 
with a surfactant - a compound that 
lowers a liquid’s surface tension - 
ensuring an even distribution of 
PrTatol on WAU MET Atom is 
introduced - usually a st 
positioned beneath it - th 
cle OM amare tonite] 
CeCe eC me Is 
cause the liquid to act like a solid. | 







Flame test 


The flame test is one of the 
simplest yet coolest experiments 
in the lab. By introducing certain 
elements - generally metals - toa 
Bunsen burner, you can determine 
their composition by analysing the 
emission spectrum. This works as 
the heat excites the material's 
ions, so they emit visible light. For 
example, if you have a chunk of 
unknown metal, by introducing it 
to a calibrated burner (one that is 
not contaminated) and evaluating 
the colour(s) of the flame, you can 
determine what the substance is 
made of. Copper (Cu) emits a 
blue-green flame, lithium (Li) a 
bright red one, while the image 
above shows the orange/crimson 

| flame generated by strontium (Sr). 
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Answer: 
h acid is stronger than citric acid and bleach 
Stomach acid 


Payal etd 
sO nel 


Oe ag 


Which is the" 
strongest acid? 
A Citric acid 8 Stomach acid © Bleach 





CD YOUR 


THE BARKING DOG 


Carbon disulphide and nitrous oxide 
Deadliness: 2. 2. & 


4. Bark 

As the gases rush back 
into the tube to balance 
the pressure, a repeated 
‘barking’ noise is made. 


2. Expansion 

As the gases expand, 
those near the top are 
forced out of the test 
tube due to pressure. 


Urs iT 
reactions 


Ingredients: Carbon disulphide (CS,); nitrous oxide (N,O) 
Core processes: Decomposition; redox 


In nature (the reactants) in lab [At home 


The barking dog reaction is a 
consequence of igniting 
carbon disulphide (CS,) mixed 
with nitrous oxide (N,O) - the 
latter is better known as 
laughing gas. The reaction 
generates a bright flash of 
blueish-purple light and heat, 
and, more bizarrely, a sound 
like a dog barking. 

Nitrous oxide gas is the 
source of oxygen - ie the 
oxidiser - needed to burn the 
colourless liquid fuel, carbon 
disulphide. When the reaction 
takes place in a confined space 
- such as a long tube - some 
energy is converted to form 
the rapid but loud barking 
noise, due to a fluctuation of 
pressure, This is an example of 


elements from compounds: in 
this case a yellow coating of 
sulphur and nitrogen gas are 
the elements left in its wake. 
Carbon disulphide is found 
in nature as a product of the 
metabolic processes in plants, 
and also volcanic eruptions. 
Nitrous oxide also forms 
naturally from some species of 
bacteria, plus through industry 
and agriculture, and it depletes 
ozone in the stratosphere. 
Used in the distant past as a 
method of flash photography, 
the flash it produces is so 
bright that many people in the 
photographs would often 
appear startled. The pervasive 
smell that sulphur compounds 
are capable of probably didn’t 


1. Energy release 
Nitrous oxide reacts with 
the carbon disulphide 
releasing energy as heat, 


a reaction which makes make it that popular either. 


THE CANDY ROCKET |} 


Potassium nitrate and sugar 


Ter Te SHR AR 
Ingredients: Potassium nitrate (KNO,); sucrose (C,,H,,0,,) 
Core process: Redox 


Bin fre} cd Bin lab Bat home | rary 


expanding the gases. 


There's something strangely satisfying about 
witnessing the volatile display of smoke, colour and 
fire given off by the mixture of potassium nitrate, 
sugar and heat. The amount of fire varies, but 
there is always an abundance of smoke. You have nN 
most likely seen this reaction at a firework display, 
or from the smoke stunt planes deploy where 
coloured dyes are often added for effect. 

Leo) TAMU oR Od) OM atc rele OL 
essential in any pyrotechnics cookbook; it’s one of 
the main ingredients in gunpowder, for example. 
Potassium nitrate works as an oxidiser, giving off 
oxygen and promoting the burning of fuel. 

As seen in the ‘Screaming Jelly Baby’, sugar is an 
extremely effective fuel; it contains energy that 
‘burns’ in our bodies and converts to useful energy 
we use to perform any physical activity. When heat 
is applied to saltpetre and sugar, the saltpetre loses 
an oxygen atom - transitioning from KNO, to KNO, 
and oxidising the sugar. The sugar burns, releasing 
smoke which rapidly expands and can generate 
enough thrust to lift a small rocket. 

Interestingly there’s a programme called Sugar 
Shot to Space that aims - as you would probably 
guess - to launch a rocket powered by sugar 
propellant alone beyond Earth's atmosphere. 
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3. Differential 

The expelled gases lead 
toa pressure drop within 
the tube, creating a 
vacuum-like effect. 








Pe yn i= 4 

MU itkeeteb lect Be celes net 
turning sunlight into energy 
is vital to life, allowing plants 
oe tole beeR cect en ante 
waste product: oxygen. As 
VME CBCcaUTELaberem deCcB(cA cd iKe) | 
ey ay seB bem ee es Lerelel) oe (sce 
Pee S NUN SICB CMMI E el rca) 
of energy for most organisms. 


Baking bread 

In times when other food 
Stet heeoR (3 Cee: eam ab 
Ciena memebers oles 
mixed with water 
combined with yeast 
gee eR eel 
breakthrough. Yeast 
ferments sugars and 
carbohydrates giving off CO, 





Peete Te me) 

ORM UMNO eMC bese 
industries, extracting metals 
from their ores using 
chemical reactions is hugely 
important, as most metals are 
mixed with impurities in 
their natural state. 


Galvanising steel 

From lampposts to 
buildings steel is everywhere 
around us and protecting 
these things from rust is vital 
Dipping steel in a bath of zine 
EW Maelo (ecb Bae Laalele} 
which adheres a coating of 
zinc to the steel to protect it 
from water vapour. 

pW restate) 

The essential ‘code’ for all 
known life, DNAis a molecule 
with our genetic instructions 
in the form of nucleotides -a 
set of long polymers made of 
sugars and phosphates. 
Chemical reactions allow the 
DNA to form, replicate and 
interact with proteins to make 
WAIN -E-Tke 


CRSP CCE TNS a Ti tte ge ec cerT 
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“By bombarding atomic nuclei with 
eee or smaller nuclei, scientists 
ave synthesised 20 more elements” 





The periodic table 


Unlock the wealth of information inside this handy guide to all the elements 


he periodic table makes scientists’ jobs 

i easier by providing a visual guide to 

each element’s main properties. 

An element isa substance made from just one 
type of atom - carbon, for example. The Big 
Bang produced a handful of very light elements 
- mostly hydrogen and helium - which were 
fused inside stars into many heavier elements, 
like iron. Add to these another 14 elements 
produced by radioactive decay and you have 
our universe’s 98 naturally occurring elements. 

But it doesn’t end there. By bombarding 
atomic nuclei with protons or smaller nuclei, 
scientists have synthesised 20 more elements. 
Produced inside nuclear reactors or particle 
colliders, these are the heaviest elements in the 
table, with atomic numbers 99 to 118. Since they 
are all radioactive, they decay rapidly -some 
after a few days or weeks, but many in a few 
fleeting milliseconds. This leaves scientists 


Group 1 2 3 4 5 






w 


= 


~ 


very little time to assess the properties of new 
discoveries. While they await official 
recognition, these elements are assigned 
temporary names such as Ununoctium. 

The periodic table organises all 118 elements 
in order of increasing atomic number. This long 
list is then split into rows (called periods) 
according to how many electron shells each 
element has. Many ofan element's chemical 
properties are determined by the configuration 
of electrons sitting in their shells. Elements 
with just one electron in their outer (valence) 
shell, for instance, react very easily. Elements in 
the same column (called a group), meanwhile, 
have similar electron configurations and 
therefore share characteristics like reactivity. 

Anumber of other patterns can be found 
across the entire table. Metallic properties, for 
example, gradually disappear as you move from 
the bottom-left corner to the top-right. 


6 7 8 9 wb nH R 


Transition 
metals 

These are hard, with 
high melting and 


Non-metals 

With a dull finish, 
non-metals don't 
conduct heat or 
















These malleable 
metals have fairly 
low melting and 


With just one 
electron each, alkali 
metals are very 





metals 
Keen to give up two 
electrons, these 


Despite looking 
metallic, metalloids 
ittleand most: 








Halogens are just 
one electron shy of 
full shells, making 


These soft metallic 
elements, known as. 
rare earth metals, 





With full outer 
shells, noble gases 
rarely react with 
other elements. 


Actinoid radioactive 
elements exist 
naturally, while 
others are manmade. 


3 u 5 16 yf 18 
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Answer: 

Our bodies are mostly water (H.0), so as a result 
hydrogen makes up 67 per cent of the average 
human body's total 7 x 10”” atoms. Because 
hydrogen is very light, however, it only accounts 
for around ten per cent of our mass. 


bo apt Ero 
sO U el 


What’s the most abundant 
element in your body? 


Ste ae A Hydrogen © Carbon C Gold 


BIOLOGY 








Building blocks 


Take a glance at the key information 
displayed in each element on the table 


* Chemical symbol 
One or two letters 

used as a short form to 
represent the element. 


Atomic number 
The number of 
protons and electrons 
in the element. 











-- Atomic mass 
The mass of an atom, which 
is measured in atomic mass 

units. This also takes into 
account the atom’s neutrons. 





Title 
The element's full name 
for those who don't 
know their symbols. 


Grouping the elements 


The table's 18 groups, displayed in columns, have the most in 
common due to their shared electron configurations. Trends 








Mendeleev’s table 


Russian chemist Dmitri Mendeleev published one 
of the earliest versions of the periodic table in 
1869, laying the foundations for the table we know 
today. Ordering over 60 known elements according 
to their atomic weight, he noticed that elements 
with similar properties occurred at regular intervals 
- in other words, periodically. Grouping elements to 
reflect these trends, three gaps remained. 
Mendeleev concluded that undiscovered elements 
must fill these gaps, deducing some of their 
properties from their position in the table. The 
discovery of gallium, scandium and germanium 
soon after confirmed Mendeleev’s predictions, and 
scientists worldwide adopted his table. Over the 
years, Mendeleev's table has been updated to 
include previously unknown groups of elements 
such as the noble gases, and re-ordered by atomic 
number to create a more accurate arrangement. 


inchleteres) 


also exist within groups. For example, as you move from top 
to bottom, you need more energy to tear an electron away 


from its atom (ie ionisation energy increases). 


Within periods, the table’s horizontal rows, similar patterns 
exist but they are generally weaker. Periods owe their shared 
characteristics to having the same number of electron shells. 
Generally, as you move from left to right, elements become 


more reactive and their size (atomic radius) increases, 


Period 3 
u 





Sodium 

Outer shell electrons: 1 
Protons in nucleus: 11 
How reactive relative to 
other elements: 
Extremely reactive 


Magnesium . 
Outer shell electrons 
Protons in nucleus: 12 
How reactive relative to 
other elements: 

Highly reactive 


Aluminium --- 
Outer shell electrons: 3 
Protons in nucleus: 13 
How reactive relative to 
other elements: 
Reactive 


Silicon 

Outer shell electrons: 4 
Protons in nucleus: 14 
How reactive relative to 
other elements: 
Relatively unreactive 
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Phosphorus 

Outer shell electrons: 5 
Protons in nucleus: 15 
How reactive relative 
to other elements: 
Reactive 


Chlorine 

Outer shell electrons: 7 
Protons in nucleus: 17 
How reactive relative 
to other elements: 
Highly reactive 


Sulphur 
‘ ) Outer shell electrons: 6 
Protons in nucleus: 16 
How reactive relative to 
other elements: 
Reactive 


Ununoctium 

Outer shell electron: 

8 (out of 8) 

Protons in nucleus: 118 
How reactive relative to 
other elements: 

Very unreactive 








Helium 

Outer shell electrons: 

2 (out of 2) 

Protons in nucleus: 2 
How reactive relative to 
other elements: 

Very unreactive 


~ Neon 


Outer shell electrons: 

8 (out of 8) 

Protons in nucleus: 10 
How reactive relative to 
other elements: 

Very unreactive 


» Argon 


Outer shell electrons: 

8 (out of 8) 

Protons in nucleus: 18 
How reactive relative to 
other elements: 

Very unreactive 


‘Krypton 


Outer shell electrons: 

8 (out of 8) 

Protons in nucleus: 36 
How reactive relative to 
other elements: 

Very unreactive 


- Xenon 


Outer shell electrons: 

8 (out of 8) 

Protons in nucleus: 54 
How reactive relative to 
other elements: 

Very unreactive 


--Radon 


Outer shell electrons: 

8 (out of 8) 

Protons in nucleus: 86 
How reactive relative to 
other elements: 

Very unreactive 
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VTOXI 





oxic substances include anything that 
i can physically harm us after we inhale, 

swallow or touch it, from an innocent 
bee sting to full-blown cyanide poisoning. 
Defining toxicity is tricky since almost 
anything is poisonous at high enough doses - 
even water. Acute poisoning follows just one 
exposure, for example, nibbling a death cap 
mushroom, but chronic exposure - like 
inhaling cigarette smoke over decades - can be 
equally, ifnot more, damaging. 

Toxins are toxic substances produced by 
living organisms. They use toxins mainly to 
ward off predators or paralyse prey. Small but 
deadly bacteria produce some of the most 
potent toxins known, including botulinum 
toxin A (Botox). Other toxic substances occur 
naturally on Earth, such as the hydrogen 
sulphide produced by volcanic eruptions. We 
humans have even invented man-made ones 
for use as pesticides, insecticides (eg DDT) or 
chemical weapons (eg sarin, VX). 

Targeting different parts of the body, toxic 
substances can damage us in an alarming 
number of ways. Neurotoxins are some of the 
most effective, affecting the brain and nervous 
system and causing muscles to freeze or twitch 
uncontrollably. Other substances can burst our 
red blood cells or cause allergic reactions. 

But not everyone is affected by toxic 
substances in the same way. How toxica 
chemical is depends on how easily it is 
absorbed, metabolised and eventually 
expelled by the body. Children are generally 
more vulnerable as their bodies are not able to 
get rid of toxic substances as effectively. 
Different species are also more or less 
susceptible to various poisons - for example, 
it takes1,000 times more dioxin to killa 
hamster thana guinea pig. & 


S411T1 Key M4TTTT 


Toxicity: 1 - Unlikely to kill / 5 - Super-deadly 
Rarity: 1 - Very common /5 - Very rare 
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C SCIENCE 


Discover some of the deadliest substances known to humankind 












Botulinum toxin A (Botox) _ 


This is the most toxic substance in nature: just one gram 
(0.04 ounces) could kill 14,000 people if swallowed - or 83 
million if injected! Produced by Clostridium botulinum 
bacteria, this neurotoxin is responsible for botulism, a 
rare but life-threatening illness transmitted principally 
through contaminated canned food. Botulinum disrupts 
communication between nerves and muscle cells, 
gradually paralysing its victims and finally leading to 
respiratory failure. Extremely small doses of botulinum 
toxin can, however, be used to treat muscle spasms and 
excessive sweating and to paralyse the muscles that 
cause wrinkles (sold commercially as Botox). 


= 
The statistics... 
nama mw mm 
Main symptoms: Double vision, 
droopy eyelids, difficulty 
swallowing, slurred speech, 
muscle weakness, paralysis 


Antidote: Horse-derived antitoxin 
Time to death: Rarely fatal 

when treated 

Toxicity rating: 5 

Rarity rating: 4 


1. Synapse 
Neurons communicate 
the brain's instructions 
to muscles by releasing 
a neurotransmitter - 
called acetylcholine - 
across synapses. 









je 
2. SNARE proteins 


Vesicles of acetylcholine 
fuse with the neuron’s cell 
membrane and discharge their 
contents thanks to the ‘lock and 
key’ action of SNARE proteins. 
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Castor oil plant Oleander 

1 Listed by the Guinness Book OF Don't let its pretty blooms fool 
World Records as the most you - oleander contains 
poisonous plant on Earth, the potent glycosides which 


ricin contained in one castor 
bean can easily finish off the 
average human. 


target the heart, provoking 
heart attacks in those who eat 
its flowers, leaves or fruit. 


Rosary pea Belladonna Water hemlock 
The colourful seeds of Abrus Also called deadly nightshade, Native to North America, this 
precatorius are sometimes this attractive plant contains a plant contains cicutoxin, a 
used to make jewellery, but mix of alkaloids and was a neurotoxin which causes 
they can poison handlers with popular poison in Ancient seizures, violent muscle 


Roman times. Just one leaf is 
enough to killa person. 


abrin, a toxin which attacks 
protein-building ribosomes. 


contractions and loss of 
consciousness if ingested. 





Exposure to mercury in felt caused dementia in many 18th-century milliners - hence ‘mad as a hatter’ 











4. Stopping signals 
The toxin splits the SNARE 
proteins, preventing 
vesicles from fusing with 
the cell membrane and 
therefore disrupting 
chemical signalling. 



















5. Paralysis 

No longer receiving any 
acetylcholine, the muscle 
cells become oblivious to 
the brain's instructions 
and ceases to contract. 


3. Infiltrating 
the cell 

The botulinum toxin 
attaches itself to 


protei 
neuro} 


and is taken into the 


ins on the 7 


n's outer surface 


cell by endocytosis. 
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Asbe to Ss Msineynetomn crameccor 


breath, coughing, chest pain 
Asbestos is the name given to a handful 
of different minerals which share one 
common feature: bunches of fibrous 
crystals. Boasting an array of insulating 
properties topped off with a low price 
tag, asbestos wasia popular building 
material until its toxic effects came to light. With 
repeated inhalation, asbestos fibres accumulate 
in the lungs, causing deadly diseases like 
asbestosis, an inflammatory lung condition, and 
cancer. These diseases typically don’t develop 
until 15-30 years after exposure. Although now 
banned in most countries, older buildings can still 
release the harmful crystals when demolished. 


RP eae, 





Antidote: No current cure for 
asbestosis, but relief treatment 


Time to death: Various 
Toxicity rating: 4 
Rarity rating: 3 








Ricin 

Found in the castor oil plant, ricin is a toxic 
protein that wreaks havoc on ribosomes, 
the cell's protein builders. The result is 
severe damage to major organs. Just one 
milligram of ricin is enough to killan adult if 
inhaled or ingested, leading many countries to 
investigate its use as a biological weapon. The 
castor oil plant’s popularity as an ornamental 
shrub and the relative ease of extracting the 
toxin from castor beans have also made ricin 
the poison of choice for many assassins. 


Carbon monoxide 


Colourless and odourless, carbon monoxide gas has a a 

a knack for going unnoticed. It is produced by the the statistics... 

incomplete combustion of organic fuels including Main symptoms: Headache, 

gas, coal and wood - occurring, for example, when nausea, vomiting, dizziness, 

inadequate ventilation deprives a gas-burning stove fatigue, weakness, loss of 

of oxygen. As a result, carbon monoxide poisoning consciousness 

is the most common type of air poisoning around Antidote: Oxygen 

the home. Carbon monoxide molecules bind tightly a" $ 

to haemoglobin, the oxygen-carrying protein in re Sea cL 

blood. Taking oxygen’s place, they prevent blood Beute cases 
Toxicity rating: 4 

Rarity rating: 1 


a= 
Main symptoms: Diarrhoea, 
nausea, accelerated heart beat, 
hypotension, seizures 
Antidote: The UK military has. 
developed an antidote, but it 
remains to be tested on humans 
Time to death: 2-5 days 
Toxicity rating: 5 
Rarity rating: 2 
















from delivering oxygen to cells. You can reduce the 
risk by keeping your home well ventilated and 
servicing appliances such as boilers every year. 


Carbon monoxide 
Carbon monoxide binds 
to iron 200 times more 
strongly than oxygen, 
taking up all the ‘seats’ 
and not letting go. 






Haemoglobin 
Oxygen binds with 
the iron atoms inside 
haemoglobin, hitching a 
ride around the body. 
























Four ‘seats’ 
One haemoglobin molecule 
can carry four oxygen 

molecules, bound lightly so 
they are easily released. 


Turned away 
Oxygen is no longer 
transported by the blood, 
starving cells of oxygen 
and eventually killing them. 





How It Works | 013 





“Although chefs need a licence to 
serve fugu, mishaps still poison an 
estimated 200 people each year” 





Although toxicity 
Nei aol key 
yee em ak Reta 
enough tetrodotoxin 
in a single pufferfish 
to kill 30 people 


Tetrodotoxin 


Thrill-seeking a ww mw mw 
Japanese diners are athe statistics... 
sometimes tempted Main symptoms: Numbness of 


the lips and tongue, followed by 
paralysis that spreads to the 
entire body, heart failure 


Antidote: None known 
Time to death: 4-6 hours 
Toxicity rating: 4 

Rarity rating: 4 


to try fugu, a variety 
of pufferfish. The 
catch? If the chef slips 
up, they risk being 
poisoned with 
tetrodotoxin, a potent 
neurotoxin contained in the fish’s gonads, liver, 
intestines and skin. Opening nerves’ ion 
channels, tetrodotoxin acts similarly to 
batrachotoxin to block nerve impulses, causing 
paralysis and death by respiratory failure. 
Although chefs needa licence to serve fugu, 
mishaps still poison an estimated 200 people 
each year, with half of them dying. Pufferfish 
are not the only ones to use tetrodotoxin; it is 
one of the most common toxins in the marine 
world, employed by scores of fish, crabs and 
molluscs, including the blue-ringed octopus. 


Cyanide 


Whether inhaled or ingested, cyanide is one of 
the fastest-acting poisons known, sealing death 
sentences in minutes. Chemically speaking, a 
cyanide is a compound with a triple bond 
between a carbon and a nitrogen atom. Hydrogen 
cyanide gas and solid sodium or potassium 
cyanide are highly toxic, preventing the body's 
cells from using oxygen and starving the heart 
and the brain. Certain fruit pits contain cyanide 
“ and small 
quantities of 
hydrogen 
cyanide are 
present in engine 
exhaust fumes. 
Industrial uses 
include gold 
mining and 
pesticides - one 
of which was 
used by the Nazis 
in gas chambers. 


az aww aw 

The statistics... 
nana wa a im 
Main symptoms: Nausea, rapid 


breathing, dizziness, headache, 
convulsions - leading to death 


Antidote: In smaller doses 
hydroxocobalamin is one known 
antidote, but generally fatal 
Time to death: 

As little as a minute 

Toxicity rating: 5 

Rarity rating: 2 
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Medicine: 


Bispheno 


BPA, a chemical found in 
plastic bottles, mimics 


the hormone 


possibly causing 


reproductive 


Household 


cleaners 
Ingredients s 


ammonia or bleach cause 
skin or lung irritation. 
Mixing different cleaners 
can also produce 
dangerous acids. 


aa mw mw Zw 7 
The statistics... 
aa Za Zw 
Main symptoms: Constriction 
of pupils, drooling, difficulty 
breathing, loss of control over 
bodily functions, convulsions 


Antidote: Atropine 


Time to death: 
15 minutes to a few hours 


Toxicity rating: 5 
Rarity rating: 5 


The medicine cabinet is 
the greatest source of 
accidental poisonings in 
the home, with most 
drugs harmful when 
taken in excessive doses. 


x 


Toxic household 


Keep an eye on the toxic substances 
lurking in your home... 





























'S 


1A 


oestrogen, 


damage. 


uch as 


 oarin isa man-made nerve 
agent, first developed asa 
pesticide by German scientists in 
1938. A colourless, tasteless but 
extremely volatile gas, it works 
by inhibiting the body’s enzyme 
which breaks down the 
neurotransmitter acetylcholine, 
causing it to accumulate at nerve 
endings. This signals to muscles 


Phthalates 
Personal care products, 
and also vinyl flooring, 
can contain phthalates - 
substances linked to 
changes in hormone 
levels and liver cancer. 


to contract uncontrollably, 
triggering a range of unpleasant 
effects which culminate in death 
by asphyxiation. Like all 
chemical weapons, sarin is 
outlawed and has been used 
only a handful of times: like 
during the Iran-Iraq War in the 
Eighties, and in terrorist attacks 
on the Tokyo subway in 1995. 
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Taipan 

Found in inland Australia, 
Earth's most venomous 
snake paralyses its 

m * victims with a powerful 

® neurotoxin, usually killing 
in under 45 minutes. 


Golden poison- 
dart frog 

The most poisonous of its 
family, this 2.5-centimetre 
(ene-inch)-long amphibian 


has enough batrachotoxin 
to take out nine people! 





Box jellyfish 
This jellyfish’s tentacles 
deliver a deadly blend of 
toxins simultaneously 
targeting the heart, 
nervous system, skin 
and red blood cells. 





Caffeine con be deadly - but only if you were to down about go cups of coffee in quick succession! 





Flame retardants 
PBDEs (polybrominated 
diphenyl ethers) found in 
mattresses and furniture 
to make them fireproof 
may cause learning and 
memory deficits. 


Carbon monoxide 
Gas-burning fires can 
produce potentially 
deadly carbon monoxide 
gas if they don’treceive 
enough ventilation. 











VOCs 

Just after fitting, the 
glues and dyes used in 
new flooring can emit 
harmful volatile organic 
compounds (VOCs). 


Lead paint 
Houses built before 
1978 may contain 
neurotoxic lead-based 
paint which can be 
exposed if it peels. 






TCDD 


TCDD is the deadliest of the 
dioxins. These chemicals occur 
in the natural world but are 
produced in much larger 
quantities by industry. Dioxins 
persist for a long time, accumulating 
in the fat cells of living organisms. Asa result, 
small quantities of dioxins may go unnoticed, 
but over time they can damage the immune 
and reproductive systems and increase the 
likelihood of diabetes and cancer. High doses 
such as those experienced during the Vietnam 
War with the USA’s use of Agent Orange -a 






















aa aaa herbicide contaminated 

athe statistics... with TCDD -sparkan 

eed cid immediate reaction. 

lung infection; in the longer term: They are also thought to 

cancer, birth defects cause cancer and birth 

Antidote: None defects years later, 

sLineite este Pnconikme although TCDD’s effect 

neues s on the body is not yet 

= fully understood. 





Batrachotoxin 


Batrachotoxin is the deadliest ingredient in 
a lethal cocktail of toxins secreted by 
certain poison-dart frogs. Native tribes 
use it as a weapon, dipping their blowgun 
dart tips in the frogs’ toxins - these 
darts kill prey almost instantaneously. 












Cigarettes 
Smokers inhale over 700 
poisons with each drag, 
including arsenic, 
benzene, cadmium, 


_th 







The frogs don’t actually produce 
batrachotoxin themselves but obtain it by 
eating poisonous beetles. Batrachotoxin 
aw aaa opens nerve cells’ ion 
statistics... channels permanently, 



















hydrogen cyanide, carbon 
monoxide and even 
radioactive polonium-210. Antidote: None 


Time to death: 
Under 10 minutes. 


Toxicity rating: 5 
Rarity rating: 4 


Digitalis 
Digitalis, or foxglove, owes its 
toxicity to cardiac the glycosides 
digitoxin and digoxin - 
compounds with the capacity to 
both help and harm. When 
ingested, glycosides affect the 
behaviour of heart muscles. In 
controlled doses, they can 
regulate the heart beat and treat 
congestive heart failure. But 






Exposure to pesticides, 
herbicides and fertilisers 
has been linked to 
asthma as well as 
various neurological, 
developmental and 
immunological disorders. 
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Main symptoms: Convulsions, 
Salivation, muscle contractions 





preventing them from 
creating an electric 
potential. This blocks cell 
signalling, paralysing 
muscles. Heart muscles 
are particularly sensitive 
to the toxin, leading to an 
irregular pulse and, soon 
after, a heart attack. 


taking too much digitalis 
medication, or eating parts of the 
plant, can trigger a fatal heart 
attack; that said, eating foxgloves 
usually induces vomiting which 
prevents overdose. US serial 
killer Charles Cullen poisoned at 
least 29 elderly patients in 
nursing homes by administering 
overdoses of insulin and digoxin. 











= ww ww ow 
The statistics... 
ne ee ae 
Main symptoms: Nausea, 
vomiting, diarrhoea, visual 
disturbances, hallucinations, 
reduced heart rate 


Antidote: Digoxin Immune Fab: 
this binds to the toxin, preventing 
it from acting on the body 


Time to death: Rarely fatal but 
can kill in 24 hours 


Toxicity rating: 3 
Rarity rating: 2 
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“Launched in the Philippines in 20m, the 
project has brought solar bottle bulbs 
to 140,000 homes in the country” 


Bottling light wit ig the Lites 
Gg g of Light project? 
Solar bottle bulbs are brightening up thousands of Doxeston Vanco Eltateaine 
homes in the developing world, but how do they work? tcnoloay to deprived communis ars the 
world. Living in shantytowns where tightly 


packed dwellings let in very little natural light, 
many people are forced to live in near-complete 


Moser and developed with a little help angle, some of this light is channelled straight darkness both day and night. Launched in the 


from MIT students, asolar bottle bulb (or —_ into the room below while some rays hit the Philippines in 2011, the project has brought solar 
bottle bulbs to 140,000 homes in the country. 


I nvented by Brazilian mechanic Alfredo is, refracting) downwards. Depending on its 


Moser lamp) is simply a soda bottle filled with opposite side of the bottle and are reflected 
chlorinated water, fitted into aroof.Refracting backin. 

and reflecting sunlight downwards during the This phenomenon, knownas total internal 
day, it lights up homes far more effectivelythan reflection, causes light to bounce back and forth 
askylight. Adding a few drops of bleach to the inside the bottle until its angle is great enough 
water ensures that it stays clean and free of for it to escape. As light exits the bottle at 

germs for years. When sunlight meets the various directions, it illuminates the home just 
water in the bottle it slows down, bending (that like an electric light bulb of about 60 watts. ®& 












MCelec Mien Mev -11 (olla) 
be used as a cheap and 


sustainable light source 2 
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Medical uses 


The process of freeze-drying is 
not only used for prolonging 
the shelf life of food. It’s also 
used to preserve tissues such 
as blood plasma and to 
concentrate solutions, 


Ancient history 
Ancient Peruvian Incas used to 
store their crops in the Machu 
Picchu Mountains. The low air 
pressure, high altitude and 
cold air vaporised the water in 
the crops. 


Spot the difference Correct storage 


Freeze-drying differs from 
dehydrated products because 
they are made using low heat, 
while dehydrated foods’ 
moisture is removed through 
evaporation. 


The secret to maximising the 
life of freeze-dried food items 
is storing it out of direct 
sunlight, at a cool 
temperature and away from 
potential water spillage. 


Lightweight 
Once food has undergone the 
freeze-drying process, it 
weighs 75-90% less than its 
original weight. This makes it 
ideal for emergency kits as it 
takes up less room, 





How freeze-drying works 


Why does this simple process stop food and pharmaceutical goods from perishing? 


he micro-organisms that 
[ degrade food, medicines or 

biological samples all need 
water to survive. By eliminating 
almost all water, freeze-drying 
(formally known as lyophilisation) 
increases the shelf life of these 
products dramatically. What's 
more, unlike traditional 
dehydration methods, freeze- 
drying preserves the structure of 
foods, meaning it has less ofan 
effect on the taste and texture once 
the item has been rehydrated. 

The secret to freeze-drying is 
turning ice directly into water 
vapour - without going through 
the liquid phase -a process called 
sublimation. First the material to 
be preserved is frozen. The 
freeze-drier then drops the air 
pressure, lowering the boiling 
point of water. A slight increase in 
temperature then provides the ice 
molecules with enough energy to 
break free from their bonds to form 
a vapour. This process removes 
almost all the water from the 
material to be preserved, without 
affecting its structure. 


From astronaut food to flower 
petals, freeze-drying uses 
sublimation to get rid of water and 
feyc-t Ta Mare] 1g] Mom elale (1m 





ao 


Freeze-drying 
step-by-step 
We take you through the key 
stages of preserving food 


1. Freezing 

The food is rapidly 
frozen at very low 
temperatures to avoid 
the formation of large 
ice crystals that could 
damage its structure. 


2. Sublimation 
° Decreasing the pressure 
and then increasing the 
temperature allows the 
water to sublimate, 
passing directly from a 
solid state to a vapour. 


3. Dried product 
Containing one to five 
per cent of its original 
moisture content and 
sealed in moisture and 
oxygen-proof packaging, 
it can be kept for years. 


4. Rehydration 
Certain freeze-dried 
foods (including fruits 
such as apples) can be 
eaten as is. Others are 
restored to their original 
form by adding water, 


What are Prince Rupert’s drops? 


Find out why these glass globules are simultaneously tough as nails yet prone to shatter 


To see the explosive 
result when the tail of 
a Prince Rupert’s drop 
is struck, check out 
the video on the How 
It Works website: 
bit.ly/ImzS8jy. 
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Prince Rupert’s drops are 
made from molten glass 





it the head ofa tadpole- 

shaped Prince Rupert’s 

drop (aka Dutch tear) 
and it seems pretty tough. But tap 
its tail lightly and the whole thing 
shatters in a cloud of glass 
fragments. Prince Rupert’s drops 
are made by pouring molten glass 
into cold water. The outside of the 
glass cools and solidifies very 
quickly, forming a hard casing. 
The centre shrinks as it gradually 
cools, but the solid outer shell 
cannot mould itself to this new 


shape. This results in a great deal 
of internal stress as the centre of 
the drop pulls the outside 
inwards. This tension makes the 
tail vulnerable to even the tiniest 
of cracks, which can spread along 
the drop’s full length in undera 
millisecond as the built-up stress 
is released. Curiously, the same 
structure makes the head of the 
drop super- 

strong (ie it can survive a hammer 
blow) since the internal stress 
keeps it tightly compressed. 
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MATERIALS 


How are we enhancing Mother Nature’s design to develop the 
new-and-improved materials tomorrow’s world will be made of? 


_ ith natural resources dwindling and 
ovantep atone) erxcomriclclaberqe vim ese (ae) 
c botcaVac-belcRey Mel Mole Beetle TNT 


now being developed in labs around the world. 
Designed to increase efficiency, these 
substances are new compounds that build upon 
and improve what's currently available, to be 
the best ina particular field. 

Natural materials have been used for decades 
and even centuries to perform many day-to-day 
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tasks, from conducting electricity to insulating 
heat, but super materials take things to a whole 
new level. The emphasis is now geared towards 
the best and only the best. Nothing less than 
total conduction, extreme strength or complete 
insulation will do. Essentially these materials 
will do the job better than anything that has 
gone before. 

Whether it’s based on an existing natural 
substance or an improvement on previous 


man-made efforts, super materials look to 
Jolsleeyentpteleccre hurr Oac ele RIVOd es 
RY teaebber-eComauricclber-le cee vlemc ica eae ee Ae 
sources. However, many questions still remain. 
Leven Veber beeloctB aslo speeelCoer Ice Dele Biete ies 
produce them? Will they be available to the 
general public? Are they as good as they seem? 
Over the following pages we present our pick 
of ten of the most impressive super materials 
that look set to reshape our future. # 
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The silk breaks easily © The spi 
Most spiders are stuck 


other 


lers eat each 
a bathtub 





Graphene can self-repair holes in its 
sheets when exposed to molecules 
containing carbon, eg hydrocarbons 





If super materials had a poster boy, graphene 
would be it. Composed of a single layer of 
graphite carbon atoms ina honeycomb pattern, 
its structure is stronger than diamond. It was 
first theorised as far back as the mid-2oth 
century but only gained recognition for its 
astonishing properties when Andre Geim and 
Konstantin Novoselov experimented with it 
and went on to claim a Nobel Prize in 2010. 
Graphene is famed for its excellent 
conduction of both heat and electricity. Atomic 
force microscopy has proved it is, at the very 
least, 100 times stronger than steel and can be 
stretched by up to 20 per cent of its own size. It 
has been used for all manner of things, such as 
a coating material to nullify lightning strikes, 
HbuCenacretDboreM = acy esAvmaci co) ecTtom bem r= Lacy @(crcy- HOLE 
making touchscreens more responsive. 
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Its coating properties in particular help stop 
corrosion and prevent micro-organisms from 
spreading. The electrons within it travel ata 
hundredth the speed of light as if they carry no 
mass. Graphene’s tiny size makes it ideal for 
small electronic devices, as its high thermal 
conductivity enable them to dissipate heat 
while still maintaining power. 

Graphene is also actually the source of many 
other super materials and is the parent form of 
carbon nanotubes and buckyballs. However, it 
was only experimentally isolated on its own 
accord in the 2000s by the aforementioned 
Nobel Prize winners. 

There are currently only a few ways of 
producing graphene: mechanical or thermal 
exfoliation, chemical vapour deposition and 
epitaxial growth. None of these methods are 





elem Elite 
A strand of graphene 
as fine as a pencil 
point can hold up a 
450kg (1,000Ib) piano 
ea 
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exactly geared for production ona large scale, 
so a new way of creating the super material has 
been proposed. This involves oxidising the 
graphene that turns it into graphene oxide, 
which is easier to contain and transport. 
However, this method is still in its early stages. 
Adding this simple carbon allotrope toa 
variety of surfaces and devices is surely the 
future as the human race looks to establish 
ever-more efficient materials. Some are 
sceptical of the potential of this substance and 
it’s admittedly hard to believe that one material 
can have so many impressive properties, but 
graphene undoubtedly still has much to offer. 


Stronger than diamond 





©) Counteracting lightning strikes 
(Oleeyylaetcsse-laeo ete lanbet a) clase olay 
© Already around, with its uses increasing 
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“Stanene is said to be able to conduct 
electricity with 100 per cent efficiency 
at room temperature” 








STS The next 
generation 
of plastics 


Composed of silk proteins and shrimp shell, shrilk 
combines biodegradability with excellent flexibility 
and strength. Based on similar substances in the 
animal kingdom, shrilk’s roots lie in the material 
found in shells and insect wings. The hope is that 
the material can replace plastic, which would 
lessen the impact and size of landfill sites. Like 
plastic, it’s inexpensive and can be used to make 
clothing, bags and many other everyday products. 

In addition to shrilk, there has also been 
progress with another plastic formed from dead 
beetle shells - known as coleoptera. This contains 
chitin, a natural polymer that boasts the light 
weight and flexibility of conventional plastics but 
breaks down far more easily. 

Shrilk and other biodegradable plastics are great 
examples of where the fields of biology and 
engineering create the ultimate material solutions. 








Another typeof natural plastic called @ Potential to replace plastic 
Coleoptera is made of beetlé shells? - © Lighter than aluminium and equally strong 
pset is an example ofshrilk @ More research needed to be mass-produced 
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“High magnetic fields play a critical role in 
i developing new materials that affect nearly 
every modern technology. The vast scope of 
.) work currently underway includes the study 
of new superconductors with the potential to 
revolutionise how power is stored and delivered. There's 
also a search for new medicines and analysis of petroleum 


samples that could lead to better oil extraction” © 
Greg Boebinger, director at the National High Magnetic Field ° 
laboratory, Florida State University @ 














Oey) (eRe dW 
waterproof 


Man-made waterproof materials have paled in 
comparison with natural examples such as the 
lotus leaf and insect wings - until now. Known 
as the most waterproof material ever, 
super-hydrophobic surfaces have been 
developed at the Massachusetts Institute of 
Technology (MIT) and are inspired by butterfly 
wings and nasturtium leaves. 
CO) i eva e-1i-Veea CONS Cale M ee =VA clam aT] de] akc) 
waterproof materials defend themselves from water 
through a special structure. They are covered by 
bumps or hairs that when exposed to liquid can direct 
it away from the body. Various man-made materials 
have taken advantage of this technique, including 
synthetic silicon, polymer microposts and electro- 
deposited copper. These coatings, like the organic 
os > inspiration, enable water droplets to bounce off a 
' surface to keep it dry. The materials have small ridges 
’ that break up the water on the surface and disperse it 
~ oe before it can soak through. 
. a Ww ae 2 Some of these materials are being pushed even 
¥ further, with efforts to make them repel ice and snow 
too. Hydrophobic materials are perfect for everything 
ay ry . from clothing to tents and vehicle coatings. 








Lotus leaves have finally been surpassed 


» » oe A de-icer that will rapidly clear snow and ice 
Already available in clothing and more 





be super-hydrophobic, 
¢ 5 a material requires both 
hydrophobic chemistry and 
\ roughness. The trapped 
+>» 4 , layer of air, under certain 
> situations, may act to reduce the drag 
The hydrophobic qualities of plants like _ onan object passing through water” 
DS have been applied to ir \ Michael Newton 
glasses in traffic comtrol units, medical , Nottingham Trent University 


slides and circuit pee (inset) 


The original super material “Superglue is a 


Affectionately known as buckyballs, buckminsterfullerene is one of polymer-based 
eight carbon allotropes that include diamond, graphene and carbon 

























Most adhesive glue 


i First there was glue, then there was superglue, but 
nanotubes. Discovered by accident, buckminsterfullerene can be adhesive of the Pmt eae superglue. Site 
considered the daddy of super materials. Its discovery paved the cyanoacrylate (or-lnre)-TepY-1¢-R arie-lniae lV) BcT un ACLmELeLa-hU oem 
ue rine et ros eee a aay a Da ae ae type that is designed to be the most adhesive material on the 
materials with extreme properties could be found and worked on. i i Janet and will primarily be used to fight disease. 
has led to the discovery of carbon nanotubes as scientists were IS polymerised upon Genetically ae alee bicelaa) ae the glue is 
encouraged to enhance carbon allotropes further in the search for contact with a surface polymer-based and formed from pene 
bul eer Teele LOLA and moisture. Some that bonds molecules together to form tough 

The allotrope is shaped a bit like a football, with a hexagonal and of the uses of these covalent bonds. The technology enables the protein 
symmetrical polyhedral structure. A tough skeleton of 60 carbon . : to react with itself to form a tight lock. Most 
atoms makes buckminsterfullerene even stronger than diamond adhesives can be in the effective when used thinly, the glue is made from 
ire (Teter ia Laois Let Ls Aer OLR Le form of coatings, fillers, the proteins of the streptococcus pyogenes 


material also has three bonds, resulting in its incredible strength 
Uses include photovoltaic applications in solar 


bacteria, enabling it to hook on to human cells, 
Even more impressive, the glue can be designed 

to be selective to what it sticks to. This is essential, 

as an adhesive this strong would cause havoc if it 


forensics, or even for 
panels and the inhibition of a protein in the HIV medical uses like closing 





virus to stop it replicating. Some have even 


[open] wounds” 
said it could limit oxidative stress of cells 





SS ie Rigoberto Advincula, got stuck to the wrong objects! 
Se | professor of 
@ macromolecular science Closing up wounds in seconds 
ell ya Ue ee and engineering at Any previous superglue - and a whole other 
@ Diamond when ls Case Western Reserve league to PVA glue 
Se Nn University, OH, USA Here now, but its uses are not fully confirmed 





@ Widely used since 1985 
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“Carbon aerogels are predicted to 
be used as a new type of faster 
charging and discharging battery” 


Solids that are lighter than air 


Created by removing liquid from a gel, aerogels are 
the world’s lightest solid materials. High in strength 


and low in density, they are mesoporous, which 


means they contain lots of tiny pores, contributing 


to their low density. There are various types of 
aerogels, all with different functions and abilities. 
First, silica aerogels have an extremely low 
thermal conductivity and can be used as super- 
insulators. The most common of the gels, these 
have even been used on expeditions to Mars. 
Carbon aerogels can store high amounts of 
energy and are ideal as fast-charging super- 











AnSEM shows up the thousands o} 
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“Titanium is light, strong 
and, most importantly, 
corrosion-resistant. The 
most vital application of 
titanium foam is as artificial 
bones, because it can be tailored to 
have similar mechanical properties to 
human bones and the porous structure 
is conducive to ingrowth of tissue cells” 


Yuyuan Zhao, head of the Centre for 
Materials and Structures, 
University of Liverpool 








TANIUM FOAM 


capacitors. They are predicted to be used as a new 
type of faster charging and discharging battery in 
mobile phones and electric cars. 

Lastly, metal aerogels combine the properties of 
the two substances. Being highly conductive and 
having a high surface area, X-ray optics and 
hydrogen storage are just two of the possible 
functions for this hybrid material. 





@ Protection in firefighter suits 
© Surpasses all other heat insulation 
@ Currently used, but development continues 
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Magnetron 

This controls all the 
magnetic, microwave 
and electricity levels. 
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or seed head can support them 





Plasma 
High-velocity jets of 
plasma ramp up the 
pressure making 
the process quicker. 


~~» Gas inlet 
Gas, vacuum 
and water | 
management iim 
This trio ensures all » » Vacuum 
levels of heat and pump 
pressure are — 
managed to create a @ 
perfect environment Water cooling 


to form diamonds. 


High-pressure high- Chamber 


Carbide annulus 


Chemical vapour 
deposition 

Chemical vapour deposition (CVD) 
uses a hydrocarbon gas mixture, 
where the diamond is produced in 
a vacuum system below 
atmospheric pressure, with 
carbon atoms supplied from a gas 
such as methane and deposited in 
layers onto a substrate. 

By passing microwaves through 
the gas to generate a plasma, at 
temperatures around 2,000°C 
(3,632°F), atomic hydrogen is 
created, enabling impurities in the 
form of graphite to ensure only 
the diamond carbon is deposited. 

This technique enables tightly 
controlled growth conditions, 
eliminating impurities and 
enabling the engineering of 
various properties into the 
diamond material. 


Steel belts 





temperature diamond 
synthesis (HPHT) 

This is a synthesis process by 
which synthetic diamond is 
created under enormous pressure 
and temperatures to replicate the 
Earth’s natural process. 

The proprietary belt-press 
technology contains two large 
anvils to apply hydraulic force toa 
capsule at the centre. 

This capsule contains graphite 
and a metal catalyst, which react 
during the process to form 
diamond. The 15,000 
atmospheres of pressure applied 
to the capsule is the equivalent of 
taking the Eiffel Tower, inverting it 
and placing it on a soda can, then 
turning the temperature up to 
1,500°C (2,732°F) - the melting 
point of steel. 


The capsule is 
surrounded by 
a pressure 
chamber which 
emits constant, 
intense heat. 


B& 


Capsule 

The diamond is formed 
here as graphite and a 
metal catalyst come under 
intense pressure and heat. 


Powered by 
hydraulics these 
high-strength steel 
belts press down on 
the whole structure. 


__» Carbide die 


High 
temperature 
jenerated 
y electrical 
heating 


Stainless steel 
Originally called rustless steel, 
the new type of steel formed a 
passive corrosion layer to 
protect itself from oxides, 
increasing both its strength 
and overall longevity. 


Safety glass 
Made in the early-20th 
century, a thin layer of plastic 
is added to glass so it doesn’t 
shatter or splinter, making 
ever-taller buildings much 
safer than before, 


Fibre optics 
Able to transmit over great 
distances, optical fibres 
enabled the modern age of 
the internet, broadcasting and 
even telecommunications to 
really take off. 


Kevlar 
An artificial fibre developed 
and produced ina lab, Kevlar 
is still one of the strongest 
materials on Earth and is 
frequently used in body 
armour by police and soldiers, 


Plastic 
First created in the late-19th 
century, plastics still play an 
ay AY 7 hs) Eee ener 
and industry on almost all 
levels of industry across 


MATERIAL MARVELS the globe today. 
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oN Te ee Lees 
Carbon nanotubes can also reduce S S S 99.5% re) | ght 


biofouling of ship hulls by preve: 
Carbon nanotubes are said to outperform Kevlar 
and steel in strength. By having a high specific 
strength, carbon nanotubes can absorb high 
impacts by spreading out the force. As well as 
being strong, the fibre is also ductile and 
Tiare t=] 9) aot ROLL Cea CL eae (mn 
material useful as a possible replacement for 
steel, as well as being applied as synthetic 
muscles and body or vehicle armour. 

If all that wasn’t enough, the computing world 
has also found a use for this super material with 
its potential to be a long-term replacement for 
today’s silicon computer chips. 

Moreover, certain types of carbon nanotube 
developed by NASA are said to be the darkest 
material known to man, due to their ability to 
absorb over 99.5 per cent of photons. This is 
particularly useful for stopping stray light 
interfering with sensitive equipment on probes 
and spacecraft. This property also offers huge 
potential for more effective solar panels. 


Silicon transistors in electronic devices 
nvironmental concerns have stalled its 
progress so far 


reat multiple wavelengths of light 





“Carbon nanotubes are molecular-scale tubes of graphitic carbon with 
outstanding properties. They are among the stiffest and strongest fibres known, 
with a breaking strain around 50 times higher than steel. Carbon nanotubes 
have an important advantage over graphene, in that they are stiff and strong in 
compression as well as tension; graphene can’t withstand any compression” 
Peter Harris, Reading University, and author of Carbon Nanotube Science 









“The radiocarbon dating process is a 
dependable method of measuring 
the age of organic remains” 





How is carbon dating 
used to age remains? 


Learn how science and technology are working hand in hand to 
pinpoint the age of ancient organisms, including humans 


arbon dating is an ageing process that 
C works by studying the decay of nitrogen 

in radiocarbon (carbon-14), with this 
substance present in every organic being. 
Carbon-14 is an intrinsic part of the biological 
carbon cycle on Earth, entering via green 
plants from the atmosphere and then passing 
up the food chain via animals. As such, while 
an organism is alive it will have a consistent 
level of carbon-14 stored in its cells. 

Once an organism dies, however, that level of 
carbon-14 begins to decrease - something that 
occurs very slowly as carbon-14 has a half-life of 
5,730 years, give or take 4o years. Asa result, by 
measuring the radiocarbon, we can determine 
when the lifeform died (ie when the level of 
carbon-14 in its tissue stopped being topped 
up), though only to around 60,000 years ago. * 


lon preaccelerator 
This helps to direct the 


1. lonisation 
The sample is ionised, which is 
achieved by electron 
bombardment. For this, caesium 
(Cs) is used, which donates its 
electrons to the sample and 
creates negatively charged 
carbon ions. The result of such 
physical phenomenon is plasma 
that is induced by the conduit. 


carbon ions. 
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a2 ee eae ca aceees 2. Magnetic deflector 

This is the first separation of ions, where 
most of the unwanted isotopes, such as 
carbon-12 and carbon-13, are deflected to 
the sides of the accelerator. Carbon-14 ions 
and carbon hydrogen molecules (eg 
methane and methylene) are undeflected 
and travel on towards the accelerator. 
























+ lon beam 


These lenses focus 
the ion beam. 
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1946 1947 1949 1960 1977 





Willard Libby publishes a Libby andcollaborators —_Libby and scientist James Libby is awarded the Anaccelerator mass 

paper proposing that the prove his theory correct Arnold date pieces of Nobel Prize inChemistry spectrometer is used for the first 
Cc -ARBON D. ATI NG carbon in living matter with their findings Ancient Egyptian wood for his development of time to measure carbon-14 in 

may contain carbon-14. published in Science. dating to 2800 BCE. radiocarbon dating. samples smaller than a milligram. 


Carbon has two non-radioactive isotopes [carbon-12/13] and one radioactive isotope [carbon-14) 





The Turin Shroud 


3. Accelerator Three universities were chosen to date 


4. Electrostatic ient li i i 

i i i the ancient linen Turin Shroud in 1988 

This generates a high voltage, forcing the Ly 
ee ese ae deflector believed by some to have covered Jesus 













negatively charged carbon ions to accelerate This device creates an after tie was crucified but carbon 
towards the positive terminal, where electrostatic field that deflects dating concluded it was Bimeciee 
grectrons ae removed Dy a 98S Steer ions with a lower positive charge. forgery. The sample consisted of a 
These Positive ions are then repelled by the Carbon atoms with higher ee an rae (28-inch) cut 
positive terminal, accelerating towards the positive charge, meanwhile, pa eas oa uke a 


electrostatic deflector. ‘ 3 
Hf continue through he conduit. shows the scale of the sample, but 


doesn't indicate the area of extraction.) 
However more recent research by the 

University of Padua, Italy, has put the 
shroud much older at around 33 BCE. 







6neutrons 6protons 
° — 7 neutrons 















5. Magnetic analyser ----- 
lons with positive electrons (3*) 
<s : enter the magnetised field of 
on gas ‘stripper’ the magnetic analyser. The 
Argon gas interacts with carbon carbon isotopes are deflected 














ions that move through the at different angles because of i 
conduit, causing them to lose their varying masses. The ions Electromagnet 
electrons and become positively of ¥C continue to the detector. 
charged - that is, “C**, 

lon beam fs 





Carbon molecules generate a pulse 
when they collide against the silicon 
plates of the detector; this is 
proportional to the energy of the ion. 
wane The number and energy of the ions 
These neutralise the impact, are processed by a computer and 
freeing a charge proportional displayed in a spectrograph. 
to the energy of the ion. 


©Solgo Images 
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“Local anaesthetics provide a short- 
term blockade of nerve transmission” 








How anaesthesia works 


By interfering with nerve transmission these special drugs stop 
pain signals from reaching the brain during operations 


naesthetics are a form of drug widely used 
A to prevent pain associated with surgery. 

They fall into two main categories: local 
and general. Local anaesthetics can be either 
applied directly to the skin (as a cream, for example) 
orinjected. They are used to numb small areas 
without affecting consciousness, so the patient will 
remain awake throughout a procedure. 

Local anaesthetics provide a short-term blockade 
of nerve transmission, preventing sensory neurons 
from sending pain signals to the brain. Information 
is transmitted along nerves by the movement of 
sodium ions downa carefully maintained 
electrochemical gradient. Local anaesthetics cut 
offsodium channels, preventing the ions from 
travelling through the membrane and stopping 
electrical signals travelling along the nerve. 

Local anaesthesia isn’t specific to pain nerves, soit 
willalso stop information passing from the brain to 
the muscles, causing temporary paralysis. 

General anaesthetics, meanwhile, are inhaled 
and injected medications that act on the central 
nervous system (brain and spinal cord) to induce a 
temporary coma, causing unconsciousness, muscle 
relaxation, pain reliefand amnesia. 

It’s not known for sure how general anaesthetics 
‘shut down’ the brain, but there are several proposed 
mechanisms. Many general anaesthetics dissolve in 
fats and are thought to interfere with the lipid 
membrane that surrounds nerve cells in the brain. 
They also disrupt neurotransmitter receptors, 
altering transmission of the chemical signals that let 
nerve cells communicate with one another. * 


Comfortably numb 


If large areas need to be anaesthetised while the 
patient is still awake, local anaesthetics can be 
injected around bundles of nerves. By preventing 
transmission through a section of a large nerve, 
the signals from all of the smaller nerves that 
feed into it can’t reach the brain. For example, 
injecting anaesthetic around the maxillary nerve 
will not only generate numbness in the roof of 
the mouth and all of the teeth on that side, but 
will stop nerve transmission from the nose and 
sinuses too. Local anaesthetics can also be 
injected into the epidural space in the spinal 
canal. This prevents nerve transmission through 
the spinal roots, blocking the transmission of 
information to the brain. The epidural procedure 
is often used to mollify pain during childbirth. 
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The body under 
general anaesthetic 


What happens to various parts of 
the body when we’re put under? 


Brain activity 
Electroencephalograms 
(EEGs) show that the 
electrical activity in the 
brain drops to a state 
deeper than sleep, 
mimicking a coma. 


Nil by mouth 
General anaesthetics 
suppress the gag reflex 
and can cause vomiting, 
so to prevent choking 
patients must not eat 
before an operation. 


Heart rate 

The circulatory system is 
slowed by anaesthetic, so 
heart rate, blood pressure 
and blood oxygen are all 
continuously monitored, 


Pain neurons 
Unlike with local 
anaesthetic, pain 
neurons still fire under 
general anaesthesia, 
but the brain does 

not process the 
signals properly. 


Muscle relaxation 
A muscle relaxant is 
often administered with 
the anaesthetic; this 
causes paralysis and 
enables lower doses of 
anaesthetic to be used. 







































Memory 

General anaesthetic 
affects the ability to form 
memories; the patient 
doesn't remember the 
operation and often won't 
recall coming to either. 


Airway 

Loss of consciousness and 
muscle relaxation suppress 
breathing and prevent 
coughing, so a tube and 
ventilator are used to 
maintain the airway. 


4 Nausea 
Many anaesthetics 

cause nausea. Often 
antiemetic drugs that 
prevent vomiting are 
given after surgery. 


- 
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For parties © As a military tool 


Antibiotics 


How do these drugs cure infections? 


Bacteria are single-celled organisms 
that, ifthey are able to bypass our 
immune system, can cause diseases. 
Different types ofantibiotics workin 
different ways to rid our bodies of 
unwanted bacteria. Bacterial 
antibiotics kill bacteria, while 
bacteriostatic merely stop bacteria 
from growing. 

Antibiotics can damage bacteria in 
these ways by breaking the cell wall. 
The cell wall of bacteria protects them 
from the surrounding environment, 
but antibiotics can damage this barrier 
so that when the bacteria try to 
multiply into two, they will burst. 

Other antibiotics, such as penicillin, 
prevent bacteria from producing 
important chemicals that they require 


Why do glow sticks glow? 


What's going on 


inside these popular 


light sticks? 


nside a glow stick is a thin 
glass vial containing 
CATs b CMM eRZeLUm elses! 
the stick you're breaking this 
vial open, releasing the 
Tube VCR CRN Cae aan 
aCe a en aioe kele ito 
Cooter b Ceres MUU HOM HCE TLe! 
H(t oa 
Toenteraaloih (oI co-(aa lets) 
produce light, known as 
Moi ubitebenitsas eM Oe haa es 
vial contains a solution phenyl 
OCErasoe nore Ociaoig 
dye - which will determine the 
(olotece aaa) 
glowstick -while the 
surrounding tube containsa 
solution of hydrogen peroxide. 
Mixing these compounds causes 
dus (aac nCp een er- Battie 
energy level and return to their 
Peart Vee Come eet TA ono eA 
sitenlactad cased 
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in order to survive. More still can alter 
the genetic material ina bacterial cell 
and stop it from multiplying, an 
example of which is chloramphenicol, 
whichis used to treat eye infections. 

Antibiotics are selective. They will 
only affect the bacterial cells they have 
been designed to target, leaving the 
other cells in the body to their own 
devices. 





1. Snap 


To see in the dark 


Bacteria learn tGifesist the 

effects of antibiotiCSiggithe more 
often you take them the more 
resistant the bacteria become 


ye 0) «(eT 


Whentheglowstickisbentor Thephenyloxalateesterin 
Sele Mert ohMc eco emma eco eeiicehe mens 
and releasesitschemicalsinto hydrogen peroxidein the 


thesurrounding chemical- 
containing tube. 


tube, producing a chemical 
called ‘phenol’ and unstable 


sees whe 


Patent 


Winer ca ul geo lbe-elaeonuekoninotg 
(lettre eases a vob eco oe eatner re elteeerlt 
gained energy in the form of light. 








Answer: 

Glowsticks are commonly used at raves and 
concerts nowadays but they were originally 
invented to be a military tool. Developed by 
the US Navy in the 1960s, they were used 
as emergency lights and target markers. 





Beer) 
reaction 


3. Decompose 

The unstable peroxyacid ester 
(eevee aloe t ence) 
additional phenol and another 
peroxy compound, which 
decomposes to carbon dioxide. 


acs hd 

The decomposition to carbon dioxide 
peo os on ses aT Oer Lea oM NV aN (OUt 
causes the electrons in theatoms to 
prion cere Walietesmsese4 8 Loe 
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“As noble gases show extremely low 
reactivity only a few hundred noble 


gas compounds have been formed” 





Cyn m:n (s+): 
gases work? 


What makes this selee of 
chemical elements so ‘n 






around our world and beyond. These are helium 

(He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe) 
and radon (Rn). Together they form Group 18 of the periodic 
table and are characterised by their lack of colour, smell, 
taste and flammability in their natural state. 

soYery oi ccmolbereBene Ce) a (cH Macs ec eR CORP torte Rhode 
noble gases - which were designated ‘noble’ due to their 
apparent reluctance to undergo chemical reaction - are 
nothing of the sort. In fact, all of these gases are found in 
Earth’s atmosphere and each is capable of being chemically 
active and producing compounds. 

The majority of the noble gases - ie argon, kryptonpmeon 
and xenon - are formed via liquefaction and fractional 
distillation techniques, however helium is attained by 
separating it from natural gas and radon by isolating it from 
the radioactive decay of radium compounds. 

As noble gases show extremely low chemical reactivity, 
while they are not inert, only afew hundred noble gas 
compounds have been formed to date, with xenon varieties 
making up the bulk. In theory, though, radon is more 
reactive than xenon, so should form i 1 bonds more 
readily. However, its high radioactivity and short half-life 
are the key factors which prevent this. 

There are many applications for noble gases (see the 
boxout below for some notable examples). The most obvious 
and visible of these are illuminated signs, light bulbs and 
lamps, with xenon, argon and neon commonly used due to 
their lack of chemical reactivity. Using these gases helps to 
preserve filaments in light bulbs and grants distinctive 
colours when used in gas-discharge lamps - as 
demonstrated by the main image on this page. 


Jk here are six naturally occurring noble gases foun 
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RECORD Oo LOWEST BOILING POINT 
-268.9 degrees Celsius (-452 degrees Fahrenheit) is the 

BREAKERS = chilly boiling point of the noble gas helium. It is the 

BOILING COLD a lowest of any element in the entire periodic table. 
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Illuminated signs Refrigerants Radiotherapy 

Many illuminated Due to theirincredibly Despite the noble gas 

signs and billboards FT fiw |, 4 low boiling points — for PeceCeeMelsberp antl ha 
instance, argon boils at radioactive and able to 


cause cancer, itcan 
also be used as part 

of radiotherapy 
treatments to control 
or kill malignant cells. 


generate vibrant peek ct ss) 
colours when ionised Fahrenheit) - the Group 
-neon lights beinga 18 gases are often used 
pyabekonec try m - Hiway cite 


utilise noble gases due 44 
to their ability to (/ Cc i a -186 degrees Celsius 
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“A strong acid has a high 
concentration of H+ ions” 








Acids and bases 


Discover the differences between acids and 
bases, and find out why they act the way they do 


tis widely known that lemons taste sour 
I due to their acid content, soil needs the 

optimum pH level for plants to grow 
properly and acid rain can wipe out entire 
ecosystems. But what really makes one thing 
acidic and the other one basic (alkaline)? Why 
can they be so corrosive? And why does litmus 
paper turn different colours when dipped in 
acid or a base? 

Acids and bases can be defined in terms of their 
concentration of hydrogen ions. Normally an atom 
of hydrogen consists of one proton and one electron 
giving it a balanced electrical charge - protons 
being positively charged and electrons being 
negatively charged. Take away the electron and you 
are left with an ion of hydrogen, or a single proton, 
or ‘H+’, as it is often written. The thing about ions is 
they are very reactive, as they no longer havea 
balanced charge. They are constantly seeking ions 


The power of hydrogen 


The letters pH stand for ‘power of hydrogen’, as the 
scale refers to the concentration of hydrogen (H+) 
ions in the solution. It measures the acidity or 
basicity of a solution, with pH values ranging from 


pHO 


. 
Acid 

Acompound which ‘donates’ 
hydrogen ions when placed 
in an aqueous solution. The 
higher the concentration of 
hydrogen ions released, the 
































of the opposite charge - an atom or molecule with 
an unequal number of electrons than protons, with 
which to react. 

Astrong acid has a high concentration of H+ ions 
and is defined by its ability to ‘donate’ hydrogen 
ions toa solution, whereas a base, also know as an 
alkali, has a much lower concentration of H+ ions 
and is defined by its ability to ‘accept’ hydrogen 
ions in asolution. Therefore, acids mixed with 
bases become less acidic and bases mixed with 
acids become less basic, or less alkaline. 

Certain concentrated bases, like some 
concentrated acids, can attack living tissue and 
cause severe burns due to the ions reacting with the 
skin. However, the process of bases reacting with 
the skin, and other materials, is different to that of 
acids. That’s why we call some concentrated acids 
‘corrosive’, whereas reactive concentrated bases are 
‘caustic’. 


0-14, 0 being really acidic and 14 being really basic. A 
substance in the middle of the scale with a pH of7is 
classed as neutral, as it contains equal numbers of 
oppositely charged ions. 


yah 












stronger the acid. 
Tener ATE Tite: Coile : i 
eee ERE keelletla i eo 
milar to) battery Eyer) Z Black coffee 
De ie . Levels of acidsfoundin 
emene contains coffee can beaffected by 
Used in the production of phosphoricacid, which the altitude atwhich the 
fertilisers, thisstrong has been linked tothe coffee was grownand 
acidis a chemical found lowering of bone density é theminerals presentin : 
e inacidrain. invariousstudies. thesoil. e 
= Hydrofluoric acid ¢ ... Variousacids are formed Cow’s milk 
a Ahighly corrosive Lemon juice during the fermentation Milk goes sour over 
Z substance whichasagas Lemonjuiceis about5% process in beer production. timeduetothe 
§ isasevere poisonand citricacid-a weak organic Theaddition of CO, also bacteria producing 
4 actsacatalystin _| acid that gives lemons their causes the pH to lacticacidas part ofa 
e oilrefining. sour taste. lowerslightly. fermentation process. 
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RECT Sulphuric acid 

- Sulphuric acid releases 
heat upon contact with 

) water, used in the steel 

industry to remove rust 

and oxidation. 

XXXXXX 












Hydrofluoric 
acid 

Hydrofluoric acid is 
highly corrosive, and it 
has the ability to 


dissolve most oxides 
including glass. 








Sodium 
hydroxide 
This is a highly caustic 
base that in high 
concentrations can be 
severely damaging to 
living tissue. 















Caorborane sup than sulphuric acia 





are a millian times stronge 


yet con be entirely non-corrosive 





Neutralisation 
Aneutralisation reaction is the combination of an 
acid and base that results ina salt and, usually, 
water. In strong bases and acids, neutralisation is 
the result of the exchange of hydrogen and 
hydroxide ions, H+ and H- respectively, which 
produces water. With weak acids and bases, 
neutralisation is simply the transfer of protons 
from an acid toa base. The production of water, 
with aneutral pH of7, indicates the neutralisation 
ofthe acid and base, while the resultant salt will 
often have a pH thatis also neutral. 
Neutralisation has a variety of practical uses. 


For example, as most 
plants grow best at neutral 
pH7, acidic or alkaline soil 
can be treated with chemicals 
to changeits pH. In the case of 
acidic soil this is often calcium 
carbonate (chalk) or calcium oxide 
(quicklime). Another example is the human 
stomach, which contains hydrochloric acid. 
However, too much can lead to indigestion, so the 
acid can be neutralised with a base such as an 
indigestion tablet. 





How do an acid and base react to produce salt, 


water and heat? 
HCl NaCl +H,O 





NaOH 


> = 
” The litmus test 

We can test the acidity or alkalinity of a substance 

using litmus paper. Litmus paper 

is that which has been treated with a mixture of 10-15 

natural dyes obtained from lichens. The dyes work as 

indicators, whereby upon exposure to acids (a pH less 

than 7) the paper turns red 

and upon exposure to bases (a pH more than 7) the 

paper turns blue. When the pH is neutral 

(pH equal to 7), the dyes cause the paper to 

turn purple. 





Red cabbage juice can also be used to distinguish Byremoving the Water NaCl 
between acids and bases, as it contains a natural pH Sodium hydroxide Hydrochloric acid —H+ions,thealkali —Neutral__~—_Neutralsodium 
indicator called ‘flavin’. Upon exposure to acid, flavin This strongalkali(abase WithapH of1or2, the H+ neutralises the waterof chloride, or 
turns a red colour, neutral solutions appear a purple solublein water) has a pH ions of this strongacidare acidand turns the pH7is tablesalt, is 
colour and basic solutions result in a greenish-yellow of33 0r14. removed by thealkali. ions intowater, produced. alsoproduced. 


colour. 
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A 
compound 
which 
‘accepts’ 
hydrogen ions 
i . inanaqueous 
sa Ammonia solution. 
Distilled water 3 solution i Containsions of 
Purewater is When placed inwater, : i 
neutralasit Toothpaste ammonia removes Caustic oven — 
contains thesame Acidic toothpaste can protons fromasmall cleaner charge. ror 
amount of positive put enamelatrisk of fraction of the water to Heavy-duty oven example, 
_ionsas negative decay, soaweak base form ammonium and cleaners can bereally ; hydroxide (OH-) 
ions, though most suchassodium hydroxide. Itis usedin causticand corrosive, whichis 
water isn’t purein hydroxideisaddedin many cleaning products helping to break down * naturally found 
thissense. di late HH. fori i ties. ’ fatand S i 
: order to regulate the p! ; for its basic properties. ; fat grease. é Cousie soda inwaterandis 
emically knownas . 
" Baking soda Milk of magnesia Bleach oP sodiumhydroxide inits Negatively 
Re? Aslightly salty substance Aweak base of magnesium| Cancontainsodium purest form itis a white charged. 
~~ usedasa base in foods to { “ hydroxide in water, used to’ hypochlorite at different solidand can cause severe 
regulate the pHif = ease stomach aches caused) strengths, makingita burns due toits 
something is too acidic. = by too muchacid. strong caustic base. highalkalinity. 
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t' 
Take a look at the c 
in the kitchen,when 


ome of the most interesting kitchen 
S chemistry can be observed when 
baking. Taking four basic ingredients 
- flour, fat, sugar and eggs - and subtly altering 
their cooking chemistry can transform them 
into airy cakes, chewy cookies or flaky pastries. 

Leavening, or raising, agents introduce 
bubbles of air. As the air bubbles are heated, the 
gas that they contain expands, causing cakes, 
breads and soufflés to rise. These air bubbles 
can be made in one of two ways. Chemical 
raising agents, like baking powder and 
bicarbonate of soda, react with water to form 
carbon dioxide gas. This reaction occurs very 
rapidly and the quantity of raising agent must 
be carefully adjusted - too much and the 
bubbles will become large and burst, too little 
and the density of the cake mixture will 
prevent any bubble formation at all. 

For a slower rise with added flavour, baker’s 
yeast (Saccharomyces cerevisiae) is often used. 
Yeast is a single-celled organism of the fungi 
family. At first, the yeast respires aerobically — 
using oxygen - creating bubbles of carbon 
dioxide. When the oxygen runs out, the yeast 
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begins to make ethanol by fermentation, much 
like in brewing beer, but any alcohol formed in 
the bread dough evaporates in the oven. 
Making bubbles is one thing, but getting 
them to remain intact requires more clever 
chemistry. Bread is most often made from 
wheat flour, which contains starch granules 
surrounded by two important proteins: 
glutenin and gliadin. When mixed with water 
and kneaded, the glutenin cross-links to form 
networks with gliadin, making a newstretchy 
protein: gluten. Gluten is a ‘super-protein’, or 
protein complex, which behaves much like 
elastic, forming stretchy bridges that hold the 
starch molecules together. The key to light, 
fluffy bread lies in creating lots of tiny elastic 
bubbles; the more the dough is kneaded and 
stretched, the stronger the gluten network 
becomes. Eggs act in a similar way to the gluten 
in flour, providing a protein-binding agent that 
supports air bubbles and holds cakes together. 
Unlike bread, pastries need to be ‘short’ and 
crumbly, so bakers try to minimise gluten 
production, which would lead to a rubbery 
texture. This is done by first rubbing butter into 





the flour, coating the starch molecules witha 
layer of fat, which helps prevent glutenin and 
gliadin from coming into contact with water. 

The texture of baked goods can also be 
altered using sugar. When sugar is beaten with 
butter, the sharp edges of the sugar crystals 
allow tiny air bubbles to form - turning the 
mixture a pale, creamy yellow colour. These 
bubbles expand in the same way as the ones 
created by raising agents, contributing to the 
light texture of cakes. For the denser 
consistency of cookies, melted fats and oils are 
often used because the tendency for bubbles to 
form next to the sugar crystals is reduced. 

Sugar also draws in moisture from the air, 
which can havea significant effect on the water 
content of baked goods. Brown sugar attracts 
more water than white, and finely ground 
sugars attract more water than the granulated 
variety. Experimenting with the type of sugar 
used ina recipe will alter the final moisture 
content, and therefore the texture. 

Chemistry isn’t just limited to baking though. 
Chemical reactions define the taste of meat -— 
which is around 70 per cent water, with the 
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Seven chefs, 1,000 slices of bread, 70 apples and 56 eggs 
were needed to make this mammoth pud 2.1 x1.5 metres 
O |_| (6.8 x 4.9 feet) in size. It took over 49 hours to prepare. 





The word ‘gluten’ - the sticky protein that holds breads/cokes together - comes from the Latin for glue 





Why cooked meat tastes better than raw 


The brown colour of seared meat, toasted bread and sugars to create hundreds of flavour compounds. 
roasted coffee beans is down to a chemical process Depending on the types and quantities of the various 
called the Maillard reaction. When foods are heated, amino acids in the food, different combinations of 
amino acids (the building blocks of protein) react with flavours will be produced, as this diagram shows... 


21°C/70°r 100°C/ai2°F 121°C/250°r 149°C/00°F 166°C/s30°F 204°C/ao0°r 


| er Tr lull cire Lettre) 


[r (sweet) (bitter) 










White vs red Sugar 

Lean white meats — Reducing sugars are = Water prevents 

contain less reducing Lg naturally present in browning 

sugars and therefore meat and react with Too much water inhibits ‘eee Changing flavours 
develop less flavour and the unwound proteins. the Maillard reaction, so 


Depending on the 
different amino acids in 
the protein, and the 

7 sugars present, distinct 
Al sets of flavour molecules 


can be generated. 
eo. im | 
e # | 
— a 


colour than red meat. boiled and poached 
| meats rarely turn brown. 





- 
Denatured protein | Flavour compounds 
When proteins are NNeeeeeeeeeooowm™m™™”"—— — —., ow xo 000 The chemical reaction 
heated their 3D structure produces a complex mixture of 
breaks down and they new molecules which together 
unwind, exposing their give meat its brown colouring 
constituent amino acids. and characteristic flavour. 


remainder being mostly protein and fat. 
Depending on the cut, meat contains a variable 
amount of collagen -a fibrous protein in the 
skin, tendons and connective tissue. The higher 
the collagen content, the tougher the meat is. 

More expensive cuts and meat from younger 
animals contain little collagen and can be 
cooked rapidly. The muscle protein myosin 
denatures (breaks downs) at low temperatures 
-ie 50 degrees Celsius (120 degrees Fahrenheit) 
-and begins to form cross-links, lending some 
support to the structure of meat. At this stage, 
water molecules between the proteins start to 
leak out, but the meat remains juicy and tender. 
At 60 degrees Celsius (140 degrees Fahrenheit) 
the red pigment in muscle - myoglobin - 
denatures to form a hemichrome that gives 
cooked red meat its brown-grey colour. 

Further heating causes the collagen to shrink 
ane contract, forcing wateroutand tilrning the protein so that they can ‘hide’ in the thin film of 
meat from juicy and tender to chewy and dry. If water that surrounds the bubbles. When heated 
the temperature is raised still further — to, say, in this uncurled state, the proteins form links to 
70 degrees Celsius (160 degrees Fahrenheit) - one another, stabilising the bubbles and helping 

. to support the aerated texture of cakes, 
the meat continues to toughen, but the collagen meringues, soufflés and many other foods. 
itself dissolves to form gelatine. Although the 


Cracking the 
makeup of eggs 


The protein content of eggs makes them an 
extremely versatile chemical tool in the kitchen. 
Egg white contains a number of globular proteins 
that normally exist as curled-up, ball-like 
structures suspended in water. When eggs are 
cooked, however, the proteins uncurl and then 
come together to form web-like networks of 
interconnected protein strands. Water becomes 
trapped in the web, forming the soft texture of 
cooked egg white. The longer the proteins are 
heated, the more links are made in the web, 
forming an ever-tighter texture, which eventually 
becomes thick and rubbery. 

Whisking egg whites before they are cooked 
introduces many tiny bubbles. The amino acids 
on the outside of egg white proteins are 
hydrophilic (water-loving), while those on the 
inside are hydrophobic (water-hating). 

When the proteins press up against an air 
bubble, the water-loving amino acids try to move 
away from the air - uncurling the structure of the 
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“Marinades use common culinary 
chemicals to interfere with the 
bonds between collagen strands” 








fibres of meat are more brittle, the gelatine acts 
asa lubricant, giving slow-cooked meat its soft, 
‘melt-in-the-mouth’ texture. 

Heat is not the only way to break down 
collagen, though, and meat can be physically or 
chemically tenderised. Marinades use common 
culinary chemicals to interfere with the bonds 
between collagen strands - these range from 
acids like lemon juice to enzymes like 
bromelain (found in pineapple). 

Another great example of kitchen chemistry 
is the emulsion process. Oil and water don’t 
mix, but to make sauces like mayonnaise and 
béchamela cook needs a way to bring them 
together. When oil and water are combined, the 
oil floats on top, forming an interface with the 
water that has high surface tension. In order to 
break this tension, mechanical shearing can be 
used - by shaking the container the oil breaks 
down into smaller and smaller bubbles, which 
disperse into the water. However, this is onlya 
temporary emulsion (like salad dressing), and 
after a while the oil and water will separate. 

Mayonnaise contains watery egg yolks and 
fatty butter, which must mix to forma smooth, 
white paste in a permanent emulsion. Egg yolks 
contain an emulsifier called lecithin, which 
dissolves in both fat and water, essentially 
forming bridges between the yolk and the 
butter and holding the mayonnaise emulsion in 
astable structure. Flour can be used ina similar 
way in white sauces like béchamel; the fine 
powder helps to bind the butter to the liquid. 

The flavour of food is determined by its 
combination of volatile components that get 
into the air and interact with sensory neurons 
in the nose. Each food may have hundreds of 
these molecules, but scientists studying flavour 
combinations have seen that if just one of them 
matches, foods are likely to go together. The 
technique is being used to predict many new, 
unlikely food partners (see ‘Strange flavours’). 

Molecular gastronomy takes the science of 
cooking to the next level. Looking at food froma 
purely physical and chemical perspective, a 
host of chefs and scientists are coming together 
to identify new flavour combinations and 
cooking techniques based on science. Using 
liquid nitrogen, syringes, centrifuges and 
ultrasound machines, we are starting to 
reinvent the way we cook. As the founding 
father of this scientific discipline, Nicholas 
Kurti, said: “It’s a sad reflection on civilisation 
that while we can and do measure the 
temperature in the atmosphere of Venus we do 
not know what goes on inside our soufflés.” & 
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The science behind soufflés 


Approach soufflé making like a lab experiment and you'll get great results every time 


1. Fat is your enemy 
Fat pops bubbles, so you 
ual) Saal ant ee  mere lal elon 
with the egg whites. 


2. Use fresh eggs 


——» Old eggs may whip up 
cable 


3. It’s no yolk 
LSU Bayle a eee aL) 
traces of the fatty yolk 
rope arene Ran ROWE 


9. Do not disturb 
Turn the ovens fan off 
and don't open the door 
until it's nearly done. 


4. The right bowl 
faerie TAR Colo d 
molecules, so use a glass 
CMM Romane) 
yeu baa cos 


8. Be gentle 
Folding the filling in 
should take less than 
EM tee RR 
gentle as you do it. 


- 
Firm filling 

jis supports the weight of 

le bubbles so make it thick. 


WA Re) 
eure cks cele 


5. Perfect peaks 
betFerm an Mle (emai om Omega) 
stiff, foamy peaks, 


Strange flavour combinations 


Some seemingly odd food pairings are surprisingly 
good, others are just plain disgusting - but why? 


Chocolate and salt . 
Salt actually helps the cells on ¢ 
your tongue to sense the presence \ 

re 


of sugar, so it makes chocolate 
taste even sweeter. 





Peanut butter and apple 
Peanut butter makes up for what 
an apple lacks in salt and fat, while 
the apple cuts through the 
spreads richness and stickiness. 


int 


Citrus fruit and milk 

The acid found in citrus fruit 
causes milk to separate and curdle 
- essentially the first step in 
making cheese. Not appetising. 


nd 
7 
ll 


Chilli powder and fruit 

The compound capsaicin present in 
chilli has two effects: it enhances our 
sense of smell and also heightens 
our perception of sweetness. 


Coffee and olives 
We evolved to associate 
bitterness with poison, so 
combining too many bitter 
flavours is often unpleasant. 
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Once 8 Twice © Seven times 








Answer: 

Refried beans - a traditional Mexican dish of 
cooked and mashed beans - are actually only 
fried once. The name ‘refried’ is the result of a 
mistranslation. ‘Frijoles refritos' actually means 
‘well-fried beans’ but the mistake has stuck. 





The tongue is not divided into separate areas as often depicted; the five basic tastes are sensed all over 





A matter of taste 


How do we differentiate the flavours of food? 








Air circulation 
As we chew and swallow, 
air moves into the nose 
from the mouth and 
throat, carrying flavour 
molecules with it. 


© 
b 
b : 
« . 
ay 
yo Smell 
. Even before we put food 
S \ into our mouths, aroma 
compounds in the air 
ap reach our noses. 
| 
‘ j ea 
) A Pe 
ea 
, a Releasing flavours 
lw ae TT Chewing food physically 
3 breaks it down into smaller 


components, allowing 
more flavour-containing 
molecules to escape. 


Taste 
Taste buds respond to 
five basic tastes - salty, 
sweet, bitter, sour and 
umami (glutamate), 
enabling us to distinguish 
good food from bad. 





Can food make us happy? 


People often report cravings for neurotransmitters, like dopamine 
particular foods, and that eating and endorphins. Probably the 
certain meals makes them happy. most-studied example is 

As a species, we evolved to make chocolate, which contains 

eating a pleasant experience, phenylethylamine and this affects 


encouraging us to seek out the body’s opioid production. 
high-calorie food to sustain Comfort food, on the other 
ourselves when food was scarce. hand, works more psychologically, 


~ 
The human brain has developed __ and the pleasant feelings that it : 

reward pathways associated with induces are often linked to sight, 

eating fat and sugar, which smell and taste, which can trigger NYY \ 

release mood-enhancing asense of nostalgia. PAW | 


WWW.HOWITWORKSDAILY.COM 









Flavour 

The nose is responsible for 
sensing much of the flavour 
of food; it can distinguish 
between thousands of 
different molecules. 
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